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Abstract The study experimentally examines the quasi-static shear deformation of a magnetorheologi-
cal (MR) fluid structured in an external magnetic field. Experiments are carried out using a rheometer
with a plate—plate configuration. The working surfaces of the measuring geometry are modified to demon-
strate their influence on the response of the field-structured MR fluid. The simplest possible suspension
of microparticles of carbonyl iron in mineral oil without using surfactants or any modifiers is used. The
difference in results obtained for structured MR fluid with different concentrations of magnetic particles
using different modifications of the surface is demonstrated. The results are intended to motivate more
intensive research on the issue and further more in-depth theoretical analysis of static elastic properties of
structured MR fluids. Certain related critical issues are briefly highlighted.

1 Introduction

Suspensions of magnetic microparticles, called magne-
torheological (MR) fluids, are well known in science
and technology and have a variety of technical imple-
mentations. The application of an external magnetic
field makes it possible to remotely tune physical prop-
erties of these fluids, primarily controlling their rhe-
ological behaviour. The best known commercialised
applications based on MR fluids are semi-active shock
absorbers and damping devices. On the other hand,
MR fluids are an attractive subject for research into
fundamental problems related to soft matter physics,
e.g. magnetically induced pattern formation and struc-
tural transformations. The most comprehensive survey
of various aspects of MR technologies is presented in a
recent review [1]. A significant number of experimental
studies address the rheological behaviour of MR fluids
in terms of dynamics, i.e. shear flow, including creep
test, and oscillating shear test sce, e.g. [2-4]. At the
same time, research into the static elastic properties
of structured MR fluids is rather limited. A number
of theoretical models are known to consider the quasi-
static behaviour of particle structures [5-7]. These mod-
els are based on the analysis of rather simple structures
such as linear chains or ellipsoidal and cylindrical aggre-
gates. A recent computer simulations demonstrated the
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appearance of nonmonotonic dependence of the shear
stress vs. macroscopic shear deformation with an over-
shoot at a certain deformation [8,9]. It is obvious that
in a laboratory experiment, not only microstructural
effects due to particle magneto-mechanic interactions,
but also the interaction of the experimental sample with
the measuring geometry, influence the obtained macro-
scopic results. Critical aspects related to the influence
of rheometer measuring cell parameters on the observed
rheological response of MR fluids, including material
and surface roughness of the measuring plates, are
experimentally addressed in [10]. Furthermore, in [11-
14], the presence of slippage of MR fluid particle struc-
tures on the measuring plates having different rough-
ness has been demonstrated. Then, again, these studies
are concerned with flow curves and yield stresses eval-
uation. The present work is an experimental prelimi-
nary study of the response of a MR fluid structured
by an external magnetic field to stationary shear. The
experiment is carried out using a rheometer in a con-
ventional plate—plate configuration when the magnetic
field is perpendicular to the shear direction. A special
feature of the experiment is the alteration of the mea-
suring geometry surfaces, which provides modified con-
ditions of interaction between the measuring geometry
and the particle structures in the fluid sample under
study.
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Fig. 1 Schematic representation of the measuring config-
uration

2 Experimental

2.1 Samples

In this study, suspensions based on silicone oil M10000
with a dynamic viscosity 10 Pa s (GE Bayer Silicones,
Germany) and carbonyl iron powder (CC grade, BASF,
Germany) with an average particle size of about 5 pm
were used. The highly viscous oil was chosen as a car-
rier liquid to counteract particle sedimentation, as no
any special additives and stabilisers have been utilised.
This rather simple suspension composition is due to the
desire to use a sample most consistent with simplified
theoretical approximations that consider the behaviour
of MR fluids. The magnetic powder was thoroughly
mechanically mixed with the carrier medium in three
volume concentrations (5, 25 and 40%). The resulting
suspension samples were continuously stirred in exter-
nal vessels to maintain their homogeneity.

2.2 Setup

Measurements were conducted using the Physica MCR
502 WESP rheometer (Anton Paar GmbH, Austria)
equipped with the magnetorheological device MRD
[15]. As measuring geometry a non-magnetic plate—
plate arrangement was utilised, at that, as a rotor the
Anton Paar PP20/MRD/TI geometry was used. This
is a specially designed for MRD made of Ti plate hav-
ing a working surface of 20 mm in diameter combined
with an additional cover. The measuring configuration
is shown schematically in Fig. 1.

The surfaces of the rotating plate (rotor) and the
static plate were modified in two different ways. The
first modification (Fig. 2, left) is an abrasive paper with
a medium grit of P400 and a thickness of ~ 0.5 mm.
It is referred to as P400. The layer of the abrasive
paper was replaced before each new measurement. The
other modification used (Fig. 2, right) is a foamed open-
pored material, hereinafter referred to as the anti-slip
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Table 1 Influence of a plastic ring on the magnetic field
distribution in the measuring gap

Sensor position (mm) 0 2 4 6 8
W/o ring deviation (%) 0 +0.5 +40.2 +0.3 —0.7
With ring deviation (%) 0 +0.5 —2.6 —29 —4.4

Measured deviation: AHo/Ho(x = 0), where AHy =
Ho(x) — Ho(x = 0) and x = 0 corresponds to the position
of the Hall sensor in the centre of the cell

cover (ASC), with a layer thickness of 1 mm. This
material was kindly provided by Dr. W. Kordonsky of
QED Technologies International, Inc (USA). The anti-
slip cover was replaced and swabbed with a suitable
MR fluid sample before each new measurement. This
provides three different situations regarding the surface
of the measuring geometry interacting with the fluid
sample: unmodified polished surface, roughened surface
(P400), porous surface able to absorb MR fluid (ASC).

Since the measurements are to be carried out at a
measuring gap of 1 mm, a modification of measuring
plates results in an increase in the distance between
them. This in turn results in the measuring geometry
hitting the MRD cover from the inside. A solution was
implemented to raise the magnetic cover by means of
a plastic ring (PLA) with a height of 3 mm. The ring
compensates the gap increase reasoned by the respec-
tive modification of the plates surfaces. This modifi-
cation reduces the maximum possible strength of the
magnetic field generated by the MRD, but has no sig-
nificant effect on field homogeneity. It is about 95% in
the measuring gap (see Table 1). To measure the mag-
netic field strength distribution, the Hall sensor was
pulled out of the slot in the MRD cell step by step and
the field was measured every 2 mm.

2.3 Methods

To evaluate a quasi-stationary shear deformation of the
MR fluid, the sample was first structured, i.e. disposed
under magnetic field influence, for at least 5 minutes.
Then the specimen under study was loaded with a con-
stantly increasing strain from v = 0% to v = 10% and
the corresponding shear stress on the moving rotor was
measured. For the plate—plate arrangement with the
measuring gap of 1 mm, this strain means a displace-
ment at the edge of the moving upper plate of 0.1 mm
at maximum strain. A time period of 100 s was selected
and measured with 10 measuring points per second. A
fresh fluid sample was used for each measurement, as
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Fig. 2 Photographic and schematic representation of the surface modifications of the measuring geometry: left—abrasive
paper with a medium grit of P400; right—anti-slip cover made of a foamed open-pored material
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Fig. 3 Strain—stress curves obtained for the structured MR fluid with 5 vol.% of particles using differently modified

measuring geometry: a at 100 kA/m; b at 200 kA/m
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Fig. 4 Strain—stress curves obtained for the structured MR

measuring geometry: a at 100 kA/m; b at 200 kA/m

the pre-shear, usually required to homogenise the MR
fluid after once measured under applied field, poten-
tially alters the initial conditions of the quasi-static
experiment. As reference measurements, experiments
without a magnetic field were also performed. All mea-
surements were carried out at a temperature of 25 °C.

2.4 Results and discussion

The response to the applied quasi-static shear of all the
MR fluid samples tested in the control measurements,
i.e. without the use of a magnetic field, is not systemat-
ically analysed. In the zero field, the MR fluids behave
like ordinary viscous bodies, which also does not induce
significant shear stress as a result of quasi-static shear.
The variation of shear stresses is in units of Pa. It is not
possible to evaluate the influence of different surfaces on
the response of an unstructured MR fluid.

The response to applied quasi-static shear of a field-
structured MR fluid differs for both samples with differ-
ent concentrations of magnetic particles and for differ-
ent measuring geometry surfaces used. The exemplary
results are shown in Figs. 3, 4 and 5 for samples with a
particle volume concentration of 5, 25 and 40% respec-
tively. An influence of the surface modification on the
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shear stress development under the same operating con-
ditions within quasi-static shear is to be clearly noted.

The stress—strain curves obtained for the low-
concentrated MR fluid sample in the magnetic field
with the strength of 100 kA /m and 200 kA /m are qual-
itatively similar for the non-modified geometry and for
both types of modified geometries (see Fig. 3). Nev-
ertheless, both curves measured with modified plates
are consistently below the curve obtained with plates
without modification. Furthermore, the curves obtained
using ASC are below the curves obtained using P400 for
both field strengths. However, in a field of 200 kA /m,
the curve obtained using P400 is almost equal to the
curve obtained using unmodified plates. On the one
hand, this result may seem controversy to the results
obtained, e.g. in [11,12], where higher stresses were
observed for the modified surfaces compared to the
smooth surface. But in fact, such a comparison of shear
stresses would be not correct, because these works focus
on shear flow. In particular in [12], yield stress values
are extracted by various methods using approximations
of measured flow curves and in [11] oscillating shear
additionally to the shear flow is under discussion. While
our study considers quasi-static shear of a structured
fluid at small deformations, that is, presumably before
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Fig. 5 Strain—stress curves obtained for the structured MR

measuring geometry: a at 100 kA /m; b at 200 kA /m

reaching the yield stress, i.e. without a flow. Thus, it
may not only be a question of the influence of measure-
ment conditions, but also possibly of various physical
processes. Nevertheless, this issue is to be addressed in
further studies to provide a correct interpretation.

For the MR fluid with 25 vol.% of magnetic parti-
cles, a similar qualitative result to the suspension with
5 vol.% of particles is obtained (see Fig. 4). The first
quantitative difference is that the strain—stress curve
for ASC is higher than the curve for P400 at both
fields. Moreover, at the field of 200 kA/m, the curve
measured using the ASC is above the curve obtained
using the non-modified geometry. For the highly con-
centrated MR fluid, the qualitative appearance of the
strain—stress curves remains the same, while the quan-
titative situation changes further. The curves obtained
using ASC and P400 run above the curve obtained for
the unmodified surface for both fields. In general, it
is evident that changing the interaction conditions of
the structured suspension with the surface of the mea-
suring geometry dramatically affects the experimental
observation result. The qualitative appearance of all the
curves suggests that there could be a slippage of the
particle structures over the geometry surfaces and/or
particle structures are still intact (not destroyed) even
at a maximum applied strain of 10%. The later rea-
son seems to be possible taking into account simulating
results reported in [9], where critical shear strain is in
between 10 and 20% thought at saturation field. On the
other hand, we observe different quantitative values of
the shear stress with variations in the type of surface
of the measuring geometry and variations in the fluid
concentration. Therefore, the assumption of local slip-
page of particle structures relative to the plate surface,
presumably taking place in the experiment, is also quite
reasonable. The different results obtained for different
suspension concentrations and magnetic field strengths
can be explained by the fact that the morphology of
the particle structure also differs in these cases. The
dependence of the microstructure morphology in mag-
netic composites on particle concentration and field
strength has been demonstrated, for example, in exper-
iments [16,17]. At low concentrations of magnetic filler,
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one may deal with chain-like aggregates, while in con-
centrated suspensions, labyrinth-shaped and wall-like
clusters may occur. Accordingly, aggregates with differ-
ent morphology interact in different ways with different
kinds of measuring geometry surfaces, which leads to
variations in the results obtained.

Furthermore, it should be noted that the effective
working gap for different modifications of the measuring
geometry surface may in fact be different, due to dif-
ferent surface roughness. Accordingly, the actual strain
acting on the structured MR fluid will also be different.
The condition of filling the gap with the investigated
specimen is also extremely important. As visual inspec-
tion of the sample during measurement is not possible,
it cannot be ensured that the sample remains in the
working gap borders. This is a known problem in the
case of MR fluids shear flow.

In summary, it is not possible to make precise and
reliable statements about the actual behaviour of the
particle structures through these preliminary experi-
ments. More detailed study is necessary to accurate
assessment of the issue. The main aim of this prelimi-
nary work was to demonstrate the influence of the mea-
suring geometry surface on the experimental results.
Obviously, when comparing the results of theoretical
work with the real experiment, it is necessary to take
into account this factor, which significantly affects at
least the quantitative results.

It is also crucial to make the following critical point
about the experimental results published for MR mate-
rials. Commercial magnetic cells offered for commer-
cial rheometer represent a kind of black boxes designed
for general macroscopic characterisation of MR mate-
rials. In particular, they are aimed at estimating the
apparent yield stress of MR fluids in the context of
their use in damping applications. In that case, we
are talking about solving engineering problems and not
about precise physical measurements related to funda-
mental research and detailed microscopic understand-
ing of the material behaviour. In this regard, experi-
mental results obtained using such devices should be
not over-interpreted and assessed very critically.
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3 Outlook

In addition to a deeper systematic study of the influ-
ence of the above parameters on the response of the
structured MR fluid in the quasi-static shear test, the
following should also be considered. For example, it is
not clear how the roughness of the measuring geometry
influences the gap height and in general the relation of
the gap height to the structuring effect in MR fluids in
the context of the quasi-static shear. Studies should be
conducted with higher shear strain, when the particle
structures in the MR fluid are guaranteed to rupture.
In this case, it will be possible to make at least quali-
tative comparisons with known theoretical predictions
and simulating representations and to draw conclusions
about the mechanism of fluid behaviour.
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